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Abstract 
This paper presents results corresponding to the densification of WC-Fe composites. Commercial WC (4NPO H.C.Starck) was 
mixed with iron (Fe) added from a precursor obtained via sol-gel route. Results of the kinetics of phase formation in materials 
obtained via this sol-gel route, which involves several precursors of W, Fe and C, plus the addition of colloidal alumina (Al2O3) 
are also reported. Samples with different concentrations of Fe were studied using a vertical dilatometer up to 1230ºC with 10% 
H2-Ar  gas flow up to 800°C, and then in vacuum of 30mTorr until the final temperature. Densification is discussed in terms of 
kinetics analysis of selected experimental data to identify the different mechanisms involved. These samples were subjected to X-
ray diffraction to identify the resulting phases, where WC and W were the main phases. On the other hand, samples prepared 
from a sol-gel route containing Fe and alumina were treated under an atmosphere of 10% H2-Ar, in order to analyze the 
transformations produced in the temperature range 500 to 800°C. XRD studies indicated the formation of different phases, such 
as WC (of primary interest), and the subcarbide M6C type: W3Fe3C, among others. The analysis of all diffractograms indicates 
the evolution of the system as a function of temperature, leading first to oxidation (formation of FeWO4) and reductions 
(formation of Fe) in the system. Simultaneous mass losses of this system are shown in the same range of 500-800°C. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Several metal matrix composites such as tungsten carbide (WC) embedded  in a Co matrix are used in the 
manufacture of cutting tools, coatings and parts submitted to wear, due to properties such as high hardness, chemical 
resistance and high electrical and thermal conductivities, Koc and Kodambaka (2000). 
In this work, the densification of WC-Fe (sol-gel) is studied, and a kinetic phase formation study is also done on 
sol-gel masses, quasi amorphous (W, Fe, C, O) formulated from alkoxides, González Oliver et al. (2011), Álvarez et 
al. (2014). 
2. Experimental procedure 
 The various studies in this work were carried out on samples obtained by two main synthesis routes:  
i) Sol-gel route: Using tungsten ethoxide and a modified iron alkoxide, plus the addition of colloidal carbon (C), a 
powder material is produced, and then subjected to a thermal treatment under 10% H2-Ar atmosphere.  
ii) Solid route: Pellets are made from WC powder (4NPO, H.C. Starck, of specific area 4 m2g-1 ) dispersed in an 
alcoholic solution containing an iron sol-gel precursor and dried prior to dilatometric sintering under a 10% H2-Ar 
flow up to 800°C and then up to about 1230°C under vacuum. Additionally, another sample is obtained from Co 
powder and the mentioned commercial WC, which is subjected to a final dilatometric run up to 1430ºC in a similar 
way as explained previously. 
Tables 1 and 2 exhibit the analyzed specimens and the temperature/conditions of the heat treatments: 
Table 1 – Samples of the kinetic study (wt%, nominal). 
Sample Route-Composition  Heat treatment  
 P1 -500 
P1-600 
P1-700 
 P1- 800 
sol-gel, 20%Fe + 2%Al2O3 
sol-gel, 20%Fe + 2%Al2O3 
sol-gel, 20%Fe + 2%Al2O3 
sol-gel, 20%Fe + 2%Al2O3
20-500ºC,  10%H2-Ar, 
2ºC/min 
500-600ºC,  10%H2-Ar, 
2ºC/min 
600-700ºC,  10%H2-Ar, 
2ºC/min 
700-800ºC,  10%H2-Ar, 
2ºC/min 
Table 2 – Densified samples (wt% nominal). 










800-1230ºC under vacuum, 7.5ºC/min 
20-800ºC, 10%H2-Ar,7.5ºC/min 
800-1230ºC under vacuum, 4.4ºC/min 
20-800ºC, 10%H2-Ar,7.5ºC/min 
800-1230ºC under vacuum, 4.4ºC/min 
20-800ºC, 10%H2-Ar,7.7ºC/min 
800-1430ºC under vacuum, 7.7ºC/min 
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Sol-gel samples with the same Fe concentration (Table 1) were subjected to consecutive thermal treatments under 
10% H2-Ar flow up to 500ºC in a first stage, and then continued with three subsequent stages (also under a 10% H2-
Ar-flow) up to 600, 700 and 800ºC respectively. The nominal Fe percentage added to the sample through an organic 
precursor was 20wt%. X-ray diffraction (XRD) was done to determine the phases in every stage of the consecutive 
treatments. 
Regarding the densifications, two theoretical models of sintering are applied, Young and Cutler (1970). One of them 
assumes that in the initial stage (solid state), grain boundary diffusion (equation (1)) is the main densification 
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Where T is the absolute temperature, L is the linear length (mm), R is the universal gas constant (1,98 cal/K.mol), 
Q is the activation energy (cal/mol) and K is another constant determined by several parameters (such as surface 
energy, grain size, heating rate  and the diffusion coefficients involved;  the superscript “ini” indicates the initial 
stage of the sintering, and subscript B indicates the grain boundary diffusion mechanism, Benavídez and González 
Oliver (2005). Values of activation energy for the initial stage of the process can be estimated from equation (1). On 
the other hand, the second model supposes a grain growth mechanism, represented by equation (2), Oliber et al. 
(2003). 
                                                                        
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Where P (T) is the porosity of the body according to the Coble mechanism of grain growth, and assuming that the 
grains grow according to a law t1/3, being t the densification time and Do is a constant. It was tentatively used a value 
of QV = 113 kcal.mol-1, according to the data of grain growth in another nanometric class of WC, Wang et al. (2008). 
3. Results and discussion 
3.1. Resulting phases of kinetics studies.  
Diffraction patterns in Fig. 1 correspond to the samples subjected to the consecutive thermal treatments carried 
out under flow of 10% H2-Ar with final temperatures of 500 (P1-500), 600 (P1-600), 700 (P1-700) and 800ºC (P1-
800). Such patterns exhibit the phases for each stage, and the analysis of the results allows studying the evolution of 
the system (obtained from a sol-gel route) versus the final temperature.   
The results show that some oxidation of the system is already produced at 500°C, due to the formation of the 
FeWO4 phase. This phase is still observed (although in small percentages) in the final stage at 800ºC. However, a 
qualitative decrease in quantity can be detected through a comparison of the intensity of the peaks at the initial and 
final stages.  
Small quantity of WC phase is already formed at 500°C, but it does not constitute the main phase probably due to 
the oxidation effect (of the W-C-Fe-O sol-gel mass) and loss of C in the system, as it can be observed according to 
the decrease and disappearance of the C peaks in the 500-800°C temperature interval. This decrease in the C level is 
due to the reduction process by the mentioned oxidation and the formation of the Fe3W3C phase, the latter produced 
by a C deficiency in the WC-Fe system, González Oliver et al. (2012). 
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Figure 1 – XRD of kinetic studies specimens. 
At 500 and 600ºC FeWO4 peaks are observed (Fig. 1, P1-500, P1-600) meaning only partial formation of WC or 
Fe3W3C can be achieved with the available carbon. However, to promote the WC formation over the subcarbide 
Fe3W3C, more carbon should have been added to the system. Fe3W3C constitutes the main phase of the composite 
material at the final stage of 800ºC. 
At 600ºC the formation of Fe is detected, which would constitute the matrix of the composite material of interest 
(WC embedded in a metal matrix). The Fe phase is formed in the interval of 500-600°C and due to further hydrogen 
reduction of the system, it keeps forming until the final temperature of 800ºC, as it can be observed by the increasing 
intensity of the major  peak at 2ș = 44. 663° (Fig. 1, P1-800).  
Regarding the mass losses occurred during the thermal treatments, a loss of 5 wt% going from 500 to 600ºC can 
be observed, which increases to 10 wt% in the two following stages (600-700ºC and 700-800ºC); giving an overall 
mass loss of about 25 wt%. The masses were weighed on a balance (Ohaus TS400D). The mentioned losses were 
cumulative over a powder material distributed in a crucible of pure silica glass. The following step is to carry out 
more heat treatments but with a new dry sol-gel mass for each of these treatments. 
The kinetic measurements can be analyzed with clarity up to P1-700. The cumulative sample exhibits the 
formation of the tungstate phase (FeWO4), which denotes the presence of oxygen in the dry (W-C-Fe-O) sol-gel 
system, which is expected due to the presence of different bonds such as W-O-C, Fe-O-C and W-O-Fe in the 
alkoxide systems. There is also oxygen-contamination by the presence of water, alcohols and other compounds. It is 
clear that the data collected from P1-700 to P1-800 (under the action of 10% H2-Ar gas flow) is crucial in this study 
due to the significant decrease in the oxygen content due to the conversion of FeWO4 in Fe3W3C + Fe + WC. It is 
important to note that more investigations are necessary before reactions and quantities percentages (of several 
phases) can be proposed in this complex system. 
3.2 Densification in the vertical dilatometer and diffraction patterns of densified specimens.  
Four densification curves are shown in Fig. 2, corresponding to samples D1, D2, D3 and D4. The thermal 
treatments were carried out up to 800ºC under 10%H2 -Ar flow, and then up to 1230ºC for Fe samples, and up to 
1430ºC in the case of the Co specimen (D4; Table 2). At the final temperature, further experimental data is also 
acquired for a period of 2h.   
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Figure 2 – Densifications under 10%H2-Ar up to 1230ºC(Fe), 1430ºC(Co). 
In order to observe the different densification profiles more clearly, Fig. 3 exhibits the previous curves from 
750ºC.  
Figure 3 - Densifications under 10% H2 -Ar from 750ºC and up to 1230ºC(Fe), 1430ºC(Co). 
The previous dilatometric curves present different temperature-ranges involving probably different densification 
mechanisms. Between 800°C and 1150ºC it could be, apparently, solid state sintering. For temperatures beyond 
1150ºC (WC-Fe system, sol-gel), densification under liquid phase could be acting, Álvarez et al. (2014), Young and 
Cutler (1970), Benavídez and González Oliver (2005).  
3.3 Analysis of densification curves. 
The shapes of the curves are quite similar for the Fe-containing compositions (Fig. 3). Until 800ºC (under a 10% 
H2-Ar gas flow) there are no significant changes in the samples dimensions, and so plateaus are observed in the 
graphs. From this temperature and in vacuum conditions, a strong densification takes place for samples D1, D2, D3 
and D4 containing commercial WC. It is significant the difference between the densification of Fe samples and that 
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having Co. The first ones, densify at lower temperature, while for D4 (Co) it is needed to reach 1400ºC and 2h 
isothermal densification to achieve a similar densification value. The selected temperature difference was 200ºC 
approximately. Because of these features, it is suggested that the WC densification seems to be activated by the 
presence of Fe as compared to the action of Co. For temperatures higher than around 1100 to 1150ºC (depending on 
each system and each dilatometric run), it is probable that a liquid has formed as the result of the interaction 
between WC and M (=Fe, Co). Furthermore, the slope of the densification curve between 1100 and 1240ºC (for 
WC-Fe system) is very different compared to that for the WC-Co system in the range between 1150 and 1440ºC. It 
is to remark that maximum sintering temperatures between 1360 and 1440ºC are usually used to densify commercial 
WC-Co hard metals.  
From 800 up to 1160°C (temperature at which the WC-Fe liquid is formed) the densifications of all the samples 
are quite similar. In the temperature interval of 800-1140ºC the main mechanism could correspond to the initial 
stage of solid state sintering. Other densification mechanisms are involved between 1140 and 1160ºC, which could 
be associated to the formation of the liquid, although in these hard metals systems it is highly probable that the solid 
state grain growth stage is also operating.   
For the temperature range 850-1150ºC a theoretical diffusion model of grain boundary (first stage in solid sate 
sintering) was applied to sample D3 (Table 2). By this model, an activation energy corresponding to the initial stage 
of sintering of Q = 91, 6 kcal/mol was estimated from equation (1).  
Besides, applying the model corresponding to equation (2), the ǻL/Lo data for sample D3 was fitted by a second
order polynomial in the interval 850-1150°C. With such information dP(T)/dT was calculated according to, Oliber et 
al. (2003). The graph lnW vs 1/T (K) was linear and with a reasonable slope, therefore it can be implied that grain 
growth mechanism is operating in this densification range. Further studies to clarify these mechanisms are under 
investigation.   
3.4 Resulting phases of dilatometric studies.   
The XRD-patterns if Fig. 4 indicate the different phases in the samples produced by the solid route, after 2h at 
1230ºC under vacuum.  The higher Fe concentration in the D3 sample (10 wt% Fe), promoted the formation of 
cementite (Fe3C), whereas in the other samples this phase is not formed. On the other hand, the three products (solid 
pellets) contain WC and W. Tungsten is probably the result of the decarburization of WC, and more essays are 
necessary to find the optimal conditions which avoid the decomposition of the compound of interest (WC). The 
FeWO4 phase is present in the sample D1, indicating a partial oxidation of the system. 
Figure 4 – Diffractograms of final dilatometric D1, D2 and D3 specimens.    
Contrary to the behavior for the WC-Fe compositions, it is noted that no W is formed at all in the D4 dilatometric 
specimen (system WC-Co). The only phases detected are WC, Co3W3C and Co metal as shown in Fig. 5. One 
possible path is that Fe is activating the decomposition of WC to a greater extent as the Co does.   
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Figure 5 – Diffractogram of specimen D4.   
Finally, the microstructures of fracture surfaces of D4 (10wt% Co) and D1 (5%wt Fe) samples heated in the 
dilatometer up to, 1440 and 1240°C were examined in a SEM-FEI Nano-Nova microscope. It is clear that in the Co 
sample considerable more grain growth is observed compared to the Fe sample. However the Co specimen was 
subjected to a higher sintering temperature (1440°C).  
    
Figure 6 – SEM fracture microstructures of D4 (micrograph on the left) and D1 specimens (micrograph on the right).   
Although the Fe sample has some porosity, the apparent density of the samples judged from the dilatometric runs 
are similar. It is important to note the small grains size achieved for the Fe-WC sample.  
4. Conclusions 
Several samples obtained by different routes of synthesis were subjected to different thermal treatments including 
an initial heating under 10% H2-Ar flow and a subsequent one under vacuum (of approximately 30mTorr). 
Dilatometric studies shows that in the case of materials with Fe (compared to Co), the densifications are 
produced at lower temperatures. Two theoretical solid state densification mechanisms were proposed to fit the 
experimental data for the range 800 to 1110°C (WC-Fe system) or 1150°C (WC-Co system). It was found in both 
systems that densification associated with grain growth (2nd stage densification) is possibly the main sintering 
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mechanism.  Several phases were determined by XRD in the previous Fe specimens, among them: Fe3C, W, WC 
and FeWO4 . On the contrary, in the Co sample, under the same dilatometric vacuum conditions, the phases WC, 
Co3W3C and Co were obtained, suggesting that probably the iron catalyse the WC-decomposition to a higher extent 
compared to the Co catalyzation. 
A decarburization of the commercial WC takes place during the heat treatments carried out in the vertical 
dilatometer, giving W as result in the Fe containing samples. This suggests that more studies are needed to ensure a 
higher carbon level within the samples to avoid the decomposition of the WC.  Also, sintering conditions must be 
found to favor the formation of the metal matrix containing Fe, as indicated by the XRD results.  
Regarding the kinetic analysis, the effect of temperature in the evolution of the different phases resulting from 
oxidation and reduction reactions was studied. The oxidation of the system is indicated by the formation of FeWO4, 
which was already produced at 500°C. The Fe phase formation implied a reduction reaction that resulted in the 
formation of the metal. The final specimen (heated up to 800ºC) exhibited the subcarbide (Fe3W3C) as the main 
phase. This is related to a C deficiency in the WC-Fe system. 
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